Background/Aims: B-cell receptor-associated protein 31 (Bap31) is an evolutionarily conserved, ubiquitously expressed, polytopic integral membrane protein in the endoplasmic reticulum (ER) that is involved in the regulation of apoptosis, protein transport and degradation. Patients with Bap31 mutations exhibit symptoms similar to those exhibited by patients with central nervous system (CNS) diseases, such as deafness, dystonia, and intellectual disability. The present study aimed to investigate the function of Bap31 in CNS diseases by identifying a CNS disease-related gene regulated by Bap31 and exploring the underlying molecular mechanism. Methods: ShRNA-Bap31 and siRNA-Bap31 were used to knockdown Bap31 in N 2 a cells, and real-time PCR was performed to detect the mRNA levels of genes involved in CNS diseases. Western blot analyses were used to examine the protein levels of the candidate gene (valosin-containing protein, VCP) both in vivo and in vitro. The functions of Bap31 and VCP in mediating the degradation of the hyper-unstable mutant of cystic fibrosis trans-membrane conductance regulator (CFTRΔF508) were studied. Moreover, real-time PCR, Western blot and dual luciferase reporter analyses were conducted to investigate the molecular mechanism by which Bap31 regulates the expression levels of VCP. Results: VCP was identified as a candidate gene based on its differential expression in N 2 a cells following both shRNA-and siRNAmediated knockdown of Bap31. Both the mRNA and protein levels of VCP were regulated by Bap31 in vivo and in vitro. In the ER-associated degradation (ERAD) pathway, Bap31 also regulated VCP expression and caused differences in the binding quantities of CFTRΔF508 and VCP. Furthermore, a transcription factor of VCP (E74-like factor 2, Elf2) was regulated by Bap31, and Elf2 mediated the changes in VCP transcription and expression in cells with altered Bap31 expression. Conclusion: These results indicate that Bap31 regulates the expression of VCP possibly via Elf2 and support the potential molecular function of Bap31 in CNS diseases.
B-Cell Receptor-Associated Protein 31 Regulates the Expression of ValosinContaining Protein Through Elf2
Cong-cong Jia 
Antibodies and plasmids
The following antibodies were used in this study: anti-mouse VCP, anti-mouse β-actin, anti-mouse HA tag (Abcam, MA, USA), anti-rabbit Elf2 (Abisin, Shanghai, China), anti-rabbit Derlin1 (Sigma-Aldrich, MO, USA), and secondary anti-mouse or anti-rabbit antibodies (ThermoFisher Scientific, MA, USA).
VCP, Bap31, Derlin1 and Elf2 cDNAs were individually subcloned into pcDNA3.1(-) vectors (Promega, WI, USA). To construct the reporter plasmid, polymerase chain reaction (PCR) was used to amplify a fragment containing a segment of the VCP promoter with Elf2 binding sites. The fragment was subcloned into a pGL3-basic vector (Promega). The primers used to construct the plasmids are shown in Table S1 (Sangon Biological Engineering, Shanghai, China). For all supplemental material see www.karger.com/ 10.1159/000495682/.
Animal models
To generate mice with a Bap31 knockout specifically in the hippocampus, we constructed a targeting vector containing intron 3 of Bap31 flanked by two loxP sites. The neomycin resistant gene cassette located within the loxP sites was flanked by two flippase (Flp) recognition target (FRT) sites. The construct was electroporated into embryonic stem (ES) cells from C57BL/6 mice. Male chimeric mice were bred with Flp enzyme female transgenic mice to detect the expression of the neomycin gene. Then, the Bap31 f/+ mice were bred with Camk2a-cre transgenic mice to generate the Camk2a-cre Bap31 
Transfection
For the transfection, 3×10 5 cells were seeded in a 60-mm dish. At 12 hrs after seeding, the cells were transfected with a pL/shRNA/green fluorescent protein (GFP)-mouse-Bap31 construct (Novobio Technology, Shanghai, China) according to a multiplicity of infection (MOI) of 10. Cells transfected with pL/shRNA/GFP were used as control cells. Then, 10 μg/ml blasticidin and the limited dilution method were used to obtain the monoclonal cell strains.
A total of 3×10 5 cells were transfected with mixed siRNA (50 nM) and/or plasmids (2 μg) using Lipofectamine 3000 transfection reagent (Invitrogen, CA, USA) according to the manufacturer's instructions. The negative siRNA and/or pcDNA3.1(-) vector were used to generate the control cells. After transfection for 24 hrs, the same transfection was repeated. Real-time PCR and Western blot analyses were used to detect the transcription and expression levels of the interested genes after the first transfection for 72 hrs. The sequences of the siRNA used in this study were as follows: siRNA-VCP, 5'-gagagcaaccuucguaa-3', 5'-gcuacaggacgcuuggaaa-3', and 5'-gaauagaguuguucggaauuu-3' [18] ; siRNABap31, 5'-ccucuacgcagaggucutt-3', 5'-ccauggagcacuuccacatt-3', and 5'-ggcuaugcagaagcaguctt-3'; siRNAElf2, 5'-gcugaagcccugcuucauatt-3', 5'-gcagucaccaguuuccaautt-3', and 5'-gcuagugacgugugagaaatt-3'; siRNA-Derlin1, 5'-gcgagcugcugaucagaatt-3', 5'-ggacuugggaggaaggaatt-3', and 5'-cugguucggaacgcgatt-3' (GenePharma, Shanghai, China).
RNA extraction and real-time PCR
The total RNA was isolated from the samples using TRIzol reagent (Ambion, CA, USA), and 2 µg total RNA were used for the cDNA synthesis (Promega) according to the manufacturer's instructions. The mRNA levels of the genes were analyzed by real-time PCR reagents (Promega) with a CFX96 Touch™ Real-time PCR Detection System (Bio-Rad Laboratories, CA, USA). The experiments were repeated three times with three replicates per detection. The results were analyzed according to the following formula: 2 
Western blot
For the Western blot analysis of protein expression, the cells were resuspended in RIPA buffer [4] at 4 °C for 30 min and then centrifuged at 12, 000 rpm for 15 min. Then, 5× sodium dodecyl sulfate (SDS) sample buffer was added to the supernatant, and the sample was boiled. The lysates were separated by 12% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, MA, USA). After blocking with 5% skim milk at room temperature for 1 hr, the membranes were incubated with the primary antibodies overnight at 4 °C, washed with Tris-buffered saline containing Tween-20 (TBST) and incubated with the secondary antibodies. For the visualization of protein bands, the membranes were developed using an enhanced chemiluminescence kit (Tanon, Shanghai, China), and the resultant bands were analyzed with a ChemiDocTM XRS+ system (Bio-Rad Laboratories, CA, USA). All immunoblotting analyses were repeated at least three times, and the same results were obtained using Image Lab software (Bio-Rad). The band intensities of the target proteins were calculated and normalized to that of β-actin.
Coimmunoprecipitation
For the coimmunoprecipitation experiments, the cells were lysed in Chaps buffer or NP40 buffer [5] . After preclearing for 30 min with protein G Sepharose (Invitrogen), the lysates were incubated with antibodies for 2 hrs at 4 °C. The complexes bound to protein G Sepharose were recovered, washed three times with lysis buffer and eluted in SDS sample buffer. All samples were analyzed by Western blot analyses.
Dual-luciferase assay
After N 2 a cells were transfected with the siRNA or the overexpression plasmids for 48 hrs, the cells were cotransfected with a luciferase reporter plasmid containing the VCP promoter and phRL-SV40 vector (the transfection efficiency control) with Lipofectamine 3000 for 48 hrs. The luciferase activities were detected using a dual luciferase assay kit (Beyotime, Shanghai, China) and determined with a plate reader (BioTek, VT, USA). The values of the VCP promoter luciferase reporter plasmid were normalized to those of the phRL-SV40 vector.
Cell viability
Cells at a density of 1×10 4 cells/well were seeded in a 96-well plate, incubated with the VCP inhibitor N 2 ,N 4 -dibenzylquinazoline-2, 4-diamine (DBeQ) for the indicated time and treated with 5 mg/mL MTT (Sigma-Aldrich) at 37 °C for 4 hrs. The supernatant was removed, and 150 μL dimethyl sulfoxide (DMSO, Sigma-Aldrich) were added. The absorbance values were determined by a colorimetric assay using a plate reader (BioTek) at 490 nm.
Flow cytometry and immunofluorescence BHK cells stably expressing CFTRΔF508-HA were first fixed in 2% paraformaldehyde for 15 min and then stained with an anti-HA antibody, followed by a fluorescein-isothiocyanate (FITC)-conjugated secondary antibody, for detection by flow cytometry using a Becton Dickinson fluorescence-activated cell sorter (FACS) system (FACSCalibur, Becton Dickinson, NJ, USA). For the immunofluorescence analysis, the same cell processing procedure used for flow cytometry analysis was applied, and nuclei were identified by staining with Hoechst 33342 (Sigma-Aldrich). The fluorescence images were taken under a confocal laser scanning microscope (Leica, IL, USA).
Statistical analysis
All data are expressed as the mean±standard error of the mean (SEM), and significant differences between groups were identified by independent sample Student's t-tests. All statistical procedures were performed using SPSS 17.0 software for Windows (SPSS, Inc., IL, USA).
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Results
Bap31 regulates the mRNA levels of genes involved in CNS diseases
Bap31 is abundantly expressed in various cell types, including neurons. To investigate the molecular functions of Bap31 in CNS diseases, we first constructed the shRNABap31 plasmid and then transfected the shRNABap31 plasmid or control plasmid into N 2 a cells. The finite dilution method was used to obtain a monoclonal cell strain with reduced Bap31 expression (shRNA-Bap31). The realtime PCR analysis of the mRNA obtained from the shRNA-Bap31 -transfected cell lines revealed that the expression levels of Bap31 were reduced to 17.3% compared with those in the control cells (Fig.  1A) . Moreover, the Bap31 protein expression level in these cells was 10% of that in the control cells (Fig.  1B) . Bayes et al. explored the postsynaptic density in the human neocortex (hPSD) and identified 1, 461 proteins. The analysis of the results indicated that 95 CNS diseases are caused by 83 genes [20] . To further understand the role of Bap31 in CNS diseases, we performed real-time PCR experiments to identify Bap31-regulated genes that are involved in CNS diseases using shRNA-Bap31-transfected cells. According to the results shown in Fig. 1 , the expression levels of 48 genes were significantly altered by the stable knockdown of Table 1 ). These results demonstrate that Bap31 regulates the mRNA levels of some genes involved in CNS diseases.
To avoid the potential confounding effects of an abnormal steady state within cells with alterations in many genes, we used siRNA-mediated depletion of Bap31 to study the effects of transient Bap31 knockdown on the expression of CNS diseaserelated genes. In the N 2 a cells treated with siRNABap31 for 48 or 72 hrs, the Bap31 mRNA levels were 31% and 40% of the levels observed in the control cells ( Fig. 2A) , and the corresponding protein levels of Bap31 were 28% and 32% of those observed in the control cells (Fig.  2B ). These results indicate that cells disturbed by siRNA-Bap31 could be used to study the expression levels of genes regulated by Bap31.
The detection of the mRNA levels of CNS diseaserelated genes in N 2 a cells that had been transfected with siRNA-Bap31 for 48 hrs revealed 6 genes that were upregulated ( Fig. 2C ) and 15 genes that were downregulated (Fig. 2D) . Thus, 21 genes showed differential expression following the transient Bap31 knockdown. Considering that this number of differentially expressed genes is less than half of that observed following stable Bap31 knockdown, we repeated the analysis of the N 2 a cells transfected with siRNA-Bap31 for 72 hrs and identified 5 genes that were upregulated ( Fig. 2E ) and 21 genes that were downregulated ( Fig. 2F and 2G ). A total of 26 differentially expressed genes were identified in N 2 a cells (Table 1) . These results further imply that Bap31 regulates the expression of genes that are associated with CNS diseases.
By comparing the genes that were differentially expressed in both the shRNA-Bap31-and siRNABap31-transfected cells, we identified 4 upregulated genes (ABCD1, ATP1A3, MAOA and SLC25A13) and 9 downregulated genes (GDI1, GFAP, GPHN, NDUFS2, NDUFV1, PNPLA6, PRKCG, PTPN11 and VCP, Table 2 ). The results demonstrate that these 13 genes are more likely to be regulated by Bap31 than other genes.
Bap31 regulates the protein levels of VCP in vitro
Among the 13 genes that were differentially expressed in the Bap31 knockdown cells, VCP is of particular interest in the present study because several reports have linked VCP to CNS diseases, such as Paget's disease of bone, frontotemporal dementia, and amyotrophic lateral sclerosis [14] . Thus, Western blot analyses were used to detect the protein levels of VCP in the shRNA-Bap31-and siRNA-Bap31-transfected cells, and the VCP protein levels were reduced to 36% and 65% of those observed in the control cells, respectively ( Fig. 3A and 3B ). Furthermore, the protein level of VCP was downregulated by 57% (Fig. S1A ) in the N 2 a cells transfected with CRISPR-cas9-sgBap31 for 72 hrs (cas9-Bap31).
Since the knockdown of Bap31 downregulated the expression levels of VCP, we subsequently examined whether the overexpression of Bap31 affects VCP expression. Hence, the Bap31-flag plasmid was used to overexpress Bap31 in shRNA-Bap31-transfected and nontransfected N 2 a cells, and the protein levels of VCP were 120% and 160% of those in the control cells, respectively ( Fig. 3C and 3D ). The same results of the regulation of VCP expression by Bap31 were obtained in BHK cells (Fig. S1B and S1C) . Thus, these results further confirm that Bap31 regulates VCP expression in vitro. Cell
Bap31 regulates the expression of VCP in Camk2a-cre Bap31 f/f mice The hippocampus is widely used to study CNS diseases in animal models [21] . In our laboratory, Camk2a-cre Bap31 f/f (Bap31
) and Bap31 f/f (Bap31 +/+ ) mice were bred and used to investigate whether Bap31 regulates VCP in vivo. The analysis of the results revealed that the mRNA and protein levels of Bap31 in the hippocampus of Bap31 −/− mice were reduced by 60% and 80% of those observed in the control mice, respectively, whereas almost no change in Bap31 expression was observed in the medulla of the Bap31 −/− mice ( Fig. 4A and 4B ). These results indicate that Camk2a-cre expression induces an efficient deletion of Bap31 in the hippocampus. Therefore, we used the hippocampus tissues of mice to investigate whether Bap31 regulates VCP expression in vivo.
The real-time PCR analysis revealed that the mRNA expression levels of VCP in the Bap31 −/− mice were 65% and 69% of those in the Bap31 +/+ mice (Fig. 4C ) and the protein expression levels of VCP in the Bap31 −/− mice were 37% and 24% of those in the Bap31 +/+ mice (Fig. 4D) . Our results further suggest that Bap31 regulates the expression of VCP at both the mRNA and protein levels in vivo.
Bap31 participates in the VCP-mediated degradation of CFTR∆F508
Notably, both Bap31 and VCP are ERAD components [22] involved in the degradation of CFTR∆F508. Moreover, Bap31 regulated the expression of VCP in the process of the degradation of CFTR∆F508 (Fig. S2A and S2B) . After treating the CFTR∆F508-HA cells with cycloheximide (CHX), compared with the control cells, the protein levels of VCP were regulated by Bap31 at the zero time point (Fig. S3A and S3B) . The protein stability of VCP displayed a few differences among the different groups. These differences may be due to the combination of Bap31 perturbation and CHX treatment, which may have induced the abnormal conditions in the cells or ER stress that could have affected the function of the ER. 
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The cell viabilities were reduced following treatment with DBeQ, which is an inhibitor of VCP, at a higher concentration (>2.5 μM) for 2 hrs (Fig. S4A) . It has been shown that CFTR∆F508 that escapes from degradation by the ERAD pathway can reach the cell membrane [4] , therefore, we assessed CFTR∆F508 expression on the cell surface. The results of the flow cytometry analysis showed that more CFTR∆F508 reached the cell surface after 2 hrs of treatment with DBeQ (2.5 μM) (Fig. S4B) .
Immunofluorescence staining was used to detect the total levels of CFTR∆F508. An HA antibody was used to stain the cells with altered Bap31 expression that were further treated with siRNA-VCP, VCP plasmid or DBeQ (Fig. 5A) . The results indicated that the changes in VCP expression alter the degradation of CFTR∆F508, which is targeted by Bap31. Therefore, we speculate that Bap31 regulates the degradation of CFTR∆F508 via the ERAD process, a pathway in which VCP was involved.
To further explore this speculation, coimmunoprecipitation was used to detect the interaction between CFTR∆F508 and VCP in Bap31 knockdown cells. Following the inhibition of Bap31 expression by siRNA treatment, the binding quantities of CFTR∆F508 to VCP were decreased (Fig. 5B) . Moreover, the overexpression of VCP in the siRNA-Bap31-transfected cells promoted the degradation of CFTR∆F508 based on our finding that the CFTR∆F508 protein level following VCP overexpression was 42% of that in the siRNA-Bap31-transfected cells without VCP overexpression (Fig. 5C ). The knockdown of VCP by siRNA-VCP in Bap31 overexpressing cells resulted in an increase in CFTR∆F508 protein expression to 190% of that in the Bap31 overexpressing cells (Fig. 5E) . We also examined the degradation of CFTR∆F508 in Bap31 overexpressing cells cultured with 2.5 μM DBeQ. Following treatment with the VCP inhibitor, the total protein level of CFTR∆F508 was increased to 150% of that in the control cells (Fig. 5E) . Based on the determination of the cell surface expression of CFTR∆F508 by flow cytometry (Fig. 5D and 5F ), VCP affected the degradation of CFTR∆F508 in cells with altered Bap31 expression. However, Bap31 expression was decreased for an unknown reason following the suppression of VCP expression by siRNA (Fig. 5E ). Bap31 and VCP perform similar functions in cellular processes and do not directly interact with each other [22] . The regulation of Bap31 by VCP may occur via other proteins. The predicted transcription factors of Bap31 were identified based on the PROMO database (the sequences range from the upstream 2000 bp to the downstream 100 bp of transcription initiation site in humans). Nuclear factor kappa B subunit 1 (NF-κB) was one of the predicted transcription factors. NF-κB can be activated by stimulation, such as by cytokines, oxidant-free radicals, etc. The activated NF-κB translocates into the nucleus to regulate gene expression which participates in a wide variety of biological processes [23, 24] . Vandermoere et al. reported that RNAi targeting VCP inhibits the activation of NF-κB induced by growth factors [25] . Therefore, the regulation of VCP on Bap31 maybe occur via NF-κB or other Bap31 transcription factors. In addition, Bcl2, which is an important anti-apoptosis molecule, regulates the cell cycle by enhancing G0 and delaying the G0 to S transition. Its noted that the knockdown of VCP downregulates the protein levels of Bcl2 [26] . VCP regulates the expression levels of Bap31 maybe via the Bcl2 mediated cell cycle. Moreover, VCP and ATL1 regulate the ER and protein synthesis during the formation of dendritic spines [27] . RNAi targeting VCP may affect the function of the ER and cause a change in the expression level of Bap31. All these possibilities require further investigating. Taken together, Bap31 regulates the VCP-mediated degradation of CFTR∆F508.
Bap31 regulates the transcription and expression of VCP through Elf2
Our results demonstrated that the VCP expression levels were regulated by Bap31 both in vivo and in vitro. We speculate that Bap31 interacts with VCP. However, a previous study indicated that there is no direct binding between Bap31 and VCP under normal conditions in NP40 buffer [22] , and the same results were obtained in Chaps buffer (Fig. 6A) and under ER stress caused by serum starvation for 48 hrs (Fig. 6B) in the present study. Therefore, the regulation of Bap31 on VCP expression is not mediated through a direct interaction. Histograms showing the relative changes in the target protein levels in the samples. p* vs control < 0.05, p** vs control < 0.01.
Fig. 6
Cell
Qiu et al. demonstrated that the transcription factor E74-like factor 2 (Elf2) regulates the expression of VCP by binding its promoter [17] . Thus, Bap31 could possibly affect the expression levels of Elf2. To explore this possibility, we detected the mRNA and protein levels of Elf2 in cells with altered Bap31 expression. The Elf2 mRNA levels in the shRNA-Bap31-transfected cells and siRNA-Bap31-transfected cells were 46% and 71% of those in the control cells, respectively (Fig. S5A and S5B) , and the protein levels of Elf2 in these groups were 43% and 67% of those in the control groups, respectively (Fig. S5C and S5D ). These results demonstrate that Bap31 regulates Elf2 expression.
To confirm the regulation of the VCP transcription levels by Bap31, a dual luciferase assay was used to detect the transcription activities of VCP in cells with altered Bap31 expression that were further treated with siRNA-Elf2 or an Elf2 overexpression plasmid. The knockdown of Bap31 decreased the VCP promoter-based luciferase reporter activity, while the overexpression of Elf2 significantly rescued this activity (Fig. 6C) , and consistent results of the effects on VCP expression were obtained with real-time PCR analyses (Fig. 6D) . Following the inhibition of Elf2 by siRNA in Bap31 overexpressing cells, the VCP promoterbased luciferase reporter activity was decreased (Fig. 6F) . These results support the notion that Bap31 regulates the Elf2-induced transcription activities of VCP.
Subsequently, we detected the mRNA and protein levels of VCP following the overexpression of Elf2 in shRNA-Bap31-transfected cells and found that the VCP expression levels were increased by 203% and 141% compared to those in the shRNA-Bap31-transfected cells (Fig. 6D and 6E) . These results indicate that the overexpression of Elf2 restores the expression of VCP caused by Bap31 knockdown. Moreover, following the knockdown of Elf2 by siRNA-Elf2 in Bap31 overexpressing cells, the VCP mRNA and protein expression levels were 56.8% and 57% of those in the Bap31 overexpressing cells, respectively ( Fig. 6G and  6H) . However, the mRNA levels of other genes downregulated by Bap31 were unaltered by the overexpression or knockdown of Elf2 (Fig. S6A and S6B ). These results imply that Bap31 regulates VCP possibly by regulating Elf2. To clarify the mechanism through which Bap31 regulates Elf2, coimmunoprecipitation was used to detect the binding between Bap31 and Elf2, but the proteins did not form a detectable complex (Fig. S7A ). This finding indicates that the regulation of Elf2 by Bap31 does not occur via direct binding. Thus, the responsible mechanisms require further investigation.
Discussion
Bap31 is mainly expressed in the ER, which is an important protein folding organelle. Bap31 is highly expressed in neurons [6] and is known to promote the transportation of multiple proteins, including newly synthesized IgD and class I major histocompatibility (MHC) molecules, to other organelles [1, 28] . It is a fact that Bap31 mutation leads to a severe X-linked phenotype with clinical signs shared by some CNS diseases, such as congenital microcephaly and sensory neural deafness [7] . Moreover, we discovered that Bap31 is involved in the ERAD pathway [5] . Many proteins involved in CNS diseases can be degraded by the ubiquitin-proteasome pathway, which is coupled with the ERAD pathway [29] . All of these findings led us to speculate that Bap31 may be an important factor in CNS diseases.
To test this hypothesis, we used cells with stable Bap31 knockdown and cells with instantaneous Bap31 knockdown achieved via shRNA and siRNA transfection, respectively, to identify genes involved in CNS diseases that are regulated by Bap31. Thirteen genes showed consistent trends of regulation by Bap31, whereas other genes showed different trends following the altered Bap31 expression between the two groups ( Fig. 1 and 2 ). The differences between the stable cell line and the transiently transfected cells may be explained as follows: the stable shRNA-Bap31-transfected cells existed in an abnormal state for a relatively long time, whereas the siRNA-Bap31-transfected cells did not. One of the possible explanations for how Bap31 regulates these genes is that Bap31 is an important factor in the transcription process that affects the activities of transcription factors. The detailed Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry molecular mechanisms by which Bap31 affects the mRNA levels of genes involved in CNS diseases need further investigation. We further investigated VCP, which is one of the 13 candidate genes, as a target of Bap31 in the current study. Bap31 and a VCP mutant (K524M) have been shown to interact to exert a dominant negative effect on retrotranslocation and cause proteins to accumulate at the juxtanuclear region [22] . VAMP-associated proteins (VAPs) inhibit the degradation of CFTR∆F508 through interactions with the RMA1-Derlin-Bap31-VCP pathway [30] . In our investigation of the mechanism by which Bap31 regulates VCP expression, we first observed that Bap31 regulates the mRNA and protein expression levels of VCP both in vitro and in vitro ( Fig. 3 and 4) .
VCP is a component of the retrotranslocation machinery between the ER and the proteasome. Unfolded proteins are transported from the ER to the cytosol by VCP. Thereafter, these proteins are ubiquitinated by ligases. Finally, polyubiquitinated unfolded proteins are degraded by the proteasome via the interaction between VCP and Fas-associated factor 1 (FAF1) [31] . Based on this information, we speculated that Bap31 regulates the degradation of unfolded proteins partially via the VCP-associated pathway. Some newly synthesized molecules of CFTR∆F508 become mature and reach the cell surface if they are not degraded in the ER [32] . However, more than 99% of newly synthesized CFTR∆F508 polypeptides are degraded via the ERAD pathway; thus, few CFTR∆F508 molecules reach the cell surface. The Western blot, immunofluorescence and flow cytometry analyses showed that Bap31 regulates the expression of VCP during the degradation of CFTR∆F508, which is consistent with a previous study showing that Bap31 and VCP are both involved in the ERAD pathway.
Moreover, a previous study demonstrated that Bap31 physically interacts with CFTRΔF508 to promote CFTRΔF508 degradation via the Derlin1 complex [5] . The results of the present study indicate that Bap31 regulates the expression levels of VCP, which then causes differences in the binding quantities of CFTR∆F508 and VCP, and that VCP acts after Bap31 in the degradation of CFTR∆F508 (Fig. 5) . This result suggests that Bap31 partially regulates the degradation of CFTRΔF508 via the VCP complex.
To clarify the mechanism underlying Bap31 regulation of VCP, the direct binding between Bap31 and VCP was detected in our study. The results are consistent with a former study showing that Bap31 and VCP do not directly bind [22] . Moreover, we detected the effect of altered Bap31 expression on Elf2 expression (a transcription factor of VCP) [33] and the effect of altered Elf2 expression on VCP expression in Bap31 perturbed cells. Our results indicate that Bap31 regulates the level of Elf2 and that Elf2 modulates the transcription and expression levels of VCP (Fig. 6) . Therefore, these results suggest a possible molecular mechanism through which Bap31 regulates VCP, and further research is required to confirm and further elucidate this mechanism.
Finally, we explored the mechanism of the effect of Bap31 on Elf2, and the coimmunoprecipitation results showed that Bap31 and Elf2 did not form a detectable complex. Thus, the mechanism linking Bap31 and Elf2 may involve intermediate molecules.
Based on a former study, Bap31 is upstream of Derlin1 in the ERAD pathway. Therefore, Derlin1 was used to further detect the regulation of Elf2 by Bap31. The same patterns of Elf2 and VCP regulation by Bap31 and Derlin1 were observed in this study ( Fig. 6 and S7 ). These results suggest that based on the perturbations in the same ERAD translocation pathway, this phenomenon is likely a more general response that couples retrograde components at the transcription level. Many ERAD components are involved in the degradation of CFTR∆F508. The members of the ERAD pathway are important for promoting the degradation of abnormal proteins. If any of the members loses function in ER quality control, the excessive accumulation of misfolded or unfolded proteins occurs in the ER and causes ER stress. Thus, regulation among these pathway members may exist. Both Bap31 and VCP are ERAD components that function in the same biological processes, such as the cell cycle, ER stress, and apoptosis. For instance, cycle-related proteins (cyclin D, cyclin E1, and cyclin E2) were significantly decreased in HeLa and SiHa cells transfected with siRNA-Bap31 compared with those in the control cells. The knockdown of Bap31 arrests the cell cycle at the G0/G1 phase Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry [34] . The protein levels of cyclin D1, cyclin E, CDK2, CDK4, Ki-67 and PCNA were decreased in shRNA-VCP-transfected cells [26] . Moreover, ER stress marker levels were increased in Bap31 knockout mice after tunicamycin injection compared with those in control mice [35] . The depletion of VCP by siRNA induces ER stress and the unfolded protein response (UPR) [36] . In addition, the C-terminus of Bap31 can be cleaved by caspase 8 to generate p20, which participates in apoptosis. VCP is involved in gp130-mediated cell proliferation and anti-apoptosis [37] . The same functions are shared by Bap31 and VCP in the cell cycle, ER stress and apoptosis. The regulation of transcription levels by Bap31 may be due to this coregulation between Bap31 and VCP. Therefore, this transcriptional regulation may be very important as the role of ERAD components in the regulation of transcription has never been studied. Bap31 regulated the degradation of CFTR∆F508 possibly through both the transcription of VCP and the retro-translocation of CFTR∆F508. However, the detailed mechanisms and contributions remain to be clarified. Notably, a VCP reduction can both increase the levels of tau phosphorylation at Ser 262/356 [29] and induce mitophagy impairment and neurodegeneration in a Huntington's disease model [38] . Therefore we can study the function of Bap31 in Alzheimer's disease and Huntington's disease via its regulation of VCP. Given the diverse functions of VCP, our findings lay a foundation for future research investigating the unknown function of Bap31. In conclusion, our study finally demonstrated that Bap31 regulates VCP through its transcription factor Elf2 and partially participates in the degradation of CFTR∆F508 through the VCP-associated pathway. The data presented here illustrate a new potential function of Bap31 in CNS diseases.
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